In Brief
By partitioning the response of catch, catch rates, and biomass changes to concurrent management actions, Hopf et al. show that combining fishing effort controls with a reserve network rezoning has yielded significant conservation and fishery benefits in the Great Barrier Reef Marine Park, Australia, beyond those achievable with the rezoning alone.
RESULTS
Marine reserves are commonly established as part of an integrated approach to protect biodiversity and sustain fisheries [2, 15] . Hence, their establishment is often coupled with other management interventions [2, 5] , such as changes to the harvest strategies of local fisheries (e.g., active reductions in effort [5] or the exclusion of destructive fishing practices [2, 8] ). Whether reserves can enhance, or even maintain, sustainable yields is controversial [4, [16] [17] [18] [19] , and coincident management actions make the causal attribution of post-intervention changes in fisheries and fished populations difficult to resolve. Fishery-reserve theory suggests that non-spatial management actions can interact with reserves to significantly influence the expected fish biomass and fishery yields [20] [21] [22] . Despite this recognition of the importance of other fishery management actions, empirical reserve studies have not estimated their contribution to stock and catch changes and often assume such changes to be due primarily to the implementation of reserves [2, 3, 7, 11] .
To address this knowledge gap, we quantitatively evaluated the relative impacts that concurrent reserve and non-reserve management changes had on observed post-intervention catch and population responses. Specifically, we examined the response of coral trout (Plectropomus spp.), the primary targets of the coral reef line fishery in Australia's Great Barrier Reef Marine Park (GBRMP), to a substantial increase in no-take reserve areas and coincident management actions to reduce fishing effort. During the 2004 rezoning of the GBRMP, no-take reserve area was increased from 4.6% to 33% [12] . To reduce the potential for fishery effort displacement to compromise the performance of the reserve network [14, 23] , the Queensland Department of Agriculture and Fisheries (QDAF) implemented license buyouts, reduced the total allowable catch of coral trout by $30%, and introduced individual transfer quotas [13, 14] , resulting in an approximate halving of the pre-rezoning effort [10, 24] . To understand the effects of these changes on catch, catch rates, and biomass of coral trout, we combined commercial fisheries catch data [10] and biomass monitoring data [11] from the GBRMP with an age-and sex-structured two-patch metapopulation model [25, 26] . Our model, which included 33% reserve coverage and a 50% reduction in effort (reflecting the 2004 GBRMP rezoning and direct fishery management changes [5, 23, 24] ) and was parameterized independently of the fisheries and monitoring data, successfully captured the increase in catch per unit effort (CPUE; impact on individual fishers; Figure 1A ), the decrease in total catch (impact on fishery as a whole; Figure 1B) , and the increase in overall population biomass density (impact on fish population as a whole; Figures 1C-1E ) observed in the decade since 2004. Our model closely tracks the empirical data up until 2009, at which point a series of environmental disturbances (cyclones, bleaching events, and flood plumes), which are not captured in our deterministic model, substantially reduced the abundance of coral trout on the GBR and negatively affected commercial fisheries [6, 11, 27, 28] . Tropical cyclone (TC) Hamish (2009) and TC Yasi (2011), for example, resulted in significant declines in hard coral cover and fish densities (including coral trout) compared to unaffected reefs [11, 28, 29] .
To evaluate how the GBR coral trout fishery and stocks would have performed under spatial closures or direct effort management alone, we also ran the model under scenarios with reserves alone and with reduced effort alone. Neither of the single management scenarios that we modeled reflected the combined trends in observed CPUE, catch, and biomass data as effectively as the combined management scenario ( Figure S1 ). Importantly, without the fishery restructure, sensitivity analysis indicates that individual fishers would have experienced decreased CPUE in the years following the 2004 rezoning (green shading, Figure 2A ), although the initial drop in catch as a whole would not have been as pronounced (green shading, Figure 2B ). Biomass recovery after the rezoning would also have been markedly slower than observed if not for the concurrent reduction in fishing effort (green shading, Figures 2C-2E ). In the absence of the rezoning, the direct effort reductions would have benefited fisheries slightly more than the combined approach (compare orange and purple shading, Figures 2A and 2B) ; however, overall coral trout biomass would have recovered at a slower rate than with reserves (orange versus purple shading, Figures 2E) .
To understand the long-term implications of the combined strategy for yields and biomass, relative to reserves or effort controls alone, we also ran our models to equilibrium. All of the scenarios that we considered resulted in long-term increases in CPUE, total catch, and biomass densities compared to a pre-2004 business-as-usual scenario (Figure 3) . However, the combined management model projects a substantially more produc- tive fishery and metapopulation in the long-term relative to pre-2004, indicating that the short-term observed decreases in overall catch are consistent with longterm catch benefits. Moreover, these long-term benefits are projected to be greater than could have been achieved with the rezoning alone: long-term catches and fish biomass are increased by >20% in the former scenario relative to the latter (purple versus green shading; Figure 3 ). The combined management approach was also slightly more beneficial for long-term metapopulation biomass than a strategy of reducing fishing effort alone (purple versus orange shading, Figures 3C-3E ). However, conversely, we project that the restructure alone (i.e., without reserves) would have produced the highest expected long-term catch rates and catches (orange shading, Figures 3A and 3B).
DISCUSSION
Since marine reserves are nearly always implemented in areas that support commercial, recreational, and/or subsistence fisheries [2, 12, 30] , their establishment often creates conflict between fisheries and conservation management [31] . Modeling studies demonstrate that predicted long-term yields will typically, but not always, be less than those under classical fisheries management approaches (e.g., effort limits, catch limits; e.g., [32] ) if fishing pressure is near, or less than, that achieving maximum sustainable yield (MSY) [4, 33, 34] . If the fishery is overfished, however, reserves will tend to increase yields. Emerging theory also suggests that combining spatial and non-spatial management can help mitigate fishers' dissatisfaction with reserve establishment [24] and prevent collapse due to uncertainties in stock estimations or fishery squeeze [20, 21, 25] . Although these studies are often parameterized using data from well documented fisheries (e.g., [22, 35] ), the performance of such models is rarely explicitly compared with empirical data on post-intervention catch or population biomass dynamics [4, 9] . Conversely, empirical studies comparing before/after or inside/outside reserves have documented both increased [18, 36] and decreased [3] yields in the years after reserves implementation. Such empirical studies have not separated the responses due to reserves versus those due to concurrent changes in direct fisheries management [2] ; rather, they have typically assumed that post-implementation changes were principally due to reserves (e.g., Apo Island, Philippines [8] , the GBR [3, 6, 11, 35] , and Mombasa Marine Park, Kenya [7] ).
By coupling a rigorously calibrated metapopulation model with empirical data, we were able to partition the effects of the management changes made in 2004 and show that coral trout stock and fishery changes in the GBRMP over the last decade are not solely, or even primarily, due to the rezoning. Rather, our sensitivity analysis indicates that the reduction in fishing effort reduced overall catches more than if the rezoning had occurred in isolation. By reducing the effects of ''fishery squeeze,'' restructuring the fishery also supported a faster recovery of coral trout biomass and prevented initial decreases in CPUE compared to a reserves-only scenario. Furthermore, the trends in the data were similar to those expected under the classical effort-control scenario typically favored by opponents of the application of reserves in fishery management [4, 34] .
Our findings challenge a recent analysis suggesting that the Great Barrier Reef Marine Park Authority (GBRMPA) rezoning was the primary driver behind the net loss in total catch of all species experienced since 2004 and that it was more detrimental to fisheries than initially suggested [3] . Fletcher et al. [3] compared within-GBRMP data to fishery data outside the GBRMP but did not account for the substantial changes in fishing effort on the GBR [37] . Our results indicate that without the direct effort controls, total catch losses due to the rezoning would have been much less than observed, but the cost of the rezoning would have been borne by individual fishers (via a short-term reduction in CPUE, which does not occur in either the empirical data or the combined model projections). Similarly, our results indicate that the role of rezoning in the recovery of top predators in reserves on the GBR is most likely over-estimated in many ecological studies, which have tended to assume that reserves were the sole driver behind biomass changes [6, 11, 35, 38, 39] .
A major finding from our study was that the active reduction of commercial fishing effort in the coral trout fishery shifted costs (the reduced overall catch) from individual fishers (whose CPUE increased) to the community (who bore the cost of the license buyouts that drove effort reduction), effectively socializing the impacts of the 2004 rezoning. Indeed, this was a primary aim of the GBRMPA's structural adjustment package [13, 14, 23] . Including fishing effort regulation alongside reserve establishment has been recommended in previous work, to increase fisher satisfaction and reduce the probability of overfishing [20, 21, 24, 25] . In particular, prior to the rezoning, Mapstone et al. [24] used a coral trout fishing simulation model to compare multiple effort-reserve regimes, recommending that reducing fishing effort with reserve establishment was most likely to satisfy all stakeholder identified targets. Our findings show that this combined management strategy reduced the impacts of spatial closures on transient CPUE responses and long-term sustainable yields while maintaining conservation objectives (which often include non-fishery-related goals, such as to enhance ecosystem protection [1, 11, 15] ).
In the longer term, the release of fishing pressure on the GBR coral trout metapopulation shifted the system away from overfished ($20% virgin biomass [11] ) and brought the expected long-term yields closer to the MSY for the fishery. Since the system is no longer overfished, the combined scenario has a slightly lower equilibrium CPUE and total catch than with effort management alone. This lower equilibrium catch is consistent with many, but not all, theoretical studies of reserve impacts on fisheries [4, 33, 34] . From a fisheries perspective, effort control without spatial closures would have been the preferred management approach, since it produced higher long-term yields. However, effort controls alone have too often proven to be insufficient in maintaining sustainable stocks [40] . A number of fishery modeling studies have shown how spatial closures, in conjunction with reductions in fishing effort (rather than as an alternative to), can enhance fishery efficacy and sustainability in the longterm (e.g., [21, 22] ). Our study explicitly demonstrates these benefits of combined management for a major commercial fishery.
Our findings have broader implications for the integration of reserve implementation and direct fishery controls on catch and effort. Reserves have been established alongside other management interventions in a number of other fisheries [2] , including the Australian South East Fishery [14] , Indonesian's Apo Island subsistence fisheries [8] , and the Kenyan Mombasa Coral Reef Fishery [7] , all of which are economically and ecologically important. In these and similar cases, it is likely that these interventions acted synergistically to influence the responses of the impacted fisheries and fished populations. It is important to note that where classical harvest strategies cannot be implemented or enforced, reserves alone can still deliver long-term conservation and fishery benefits in heavily exploited systems. Our study illustrates how to quantitatively evaluate the interactive effects of these interventions and to effectively anticipate and plan for the impacts of reserve networks in order to maximize the future benefits for both fish and fisheries.
EXPERIMENTAL PROCEDURES Catch, Effort, and Biomass Data
We obtained the commercial catch (weight in tons) and effort (fishing days and active licenses) data for coral trout from QFish (Queensland Fisheries' Information System) in March 2015 [10] . QFish is an online repository for the catch and effort data (1990 to present) collected through the commercial fishers' logbooks program. We pooled catch and effort data by financial year for all fishing methods and across all regions for coral trout. Note that although we considered all fishing methods, the predominant fishing method for coral trout is line fishing [11] . We smoothed the post-2004 catch and effort data using a 3-year backward-moving average and rescaled these data relative to 1996-2004 (pre-rezoning and fishery restructure) average values. The limited available historical data suggest that from early 1980s to 1996, commercial fishing effort and catch on the offshore reefs steadily increased, coinciding with decreasing coral trout biomass [11, 28] . Effort substantially increased in the early 1990's with the rapid growth of the live fish export market [41] , but it stabilized after 1996, around the time Queensland Fisheries announced revisions of management of the coral trout fishery and aims to limit further expansion of the fishery [ 24, 28] . Hence, we used the 1996-2004 effort and catch data as our reference values prior to the rezoning and fisheries management changes.
We obtained coral trout biomass density estimates on the outer reefs from long-term survey data, recently compiled by Emslie et al. [11] for 1996-2012. Given that the majority of the GBR commercial reef fishery catch data are obtained from the outer reefs [28] , we focused only on changes in populations in these areas. For biomass changes within reserves, we considered data only from reefs that were established as reserves in 2004, as opposed to reefs that had been protected since the 1980s (which totaled only 5% of the GBRMP area). The post-2004 biomass data was smoothed using a 3-year backwardmoving average and rescaled relative to pre-rezoning weighted average values.
Metapopulation Model
Our metapopulation model closely followed the two-population, stage-structured, well-mixed-larvae model used by Hopf et al. [25] and was parameterized independently of the observed post-intervention biomass and catch data that were used to evaluate the model's performance. However, we included density-dependent juvenile survival (as a function of adult biomass) to regulate population growth and assess long-term outcomes. Adult biomass is known to affect juvenile survival in coral trout through cannibalism and pre-emption of territory space [42, 43] . We used the common Ricker stock-recruitment relationship to model first-year survival in population i at time t (s 1,i,t ),
where m 1 is the density-independent survival of juveniles, m 2 is the strength of density dependence, A i is the proportion of area in population i, B i,a,t À 1 is the biomass of fish aged a in population i at the start of the year. As there are currently no empirical estimates for the density dependence parameters, we used three covarying values of m 1 and m 2 that yielded unfished equilibrium biomass densities equal to historical levels of coral trout on the outer GBR reefs [11] . We considered weak, moderate, and strong combinations of these parameters that spanned a plausible range of parameter value sets. For detailed information on the life-history characteristics of coral trout, other demographic parameter estimates, and further justification of the densitydependent parameter range explored, see the Supplemental Experimental Procedures and Table S1 .
To initialize the model, we assumed that the metapopulation was at equilibrium prior to the 2004 changes and was fished, but not spatially protected. This is a reasonable assumption, given that biomass densities of harvested coral trout populations on the outer-reef were relatively stable in the decade before 2004 ( Figure S2 ) and that only <5% of the GBR area was designated as notake. To quantify the baseline adult mortality due to fishing, we assumed that coral trout on the GBR had been depleted to $20% virgin biomass before the management changes. We believe this to be a reasonable assumption given that biomass estimates within reserves in 2014 averaged $7.5 kg , 1000 m À2 , whereas total biomass prior to 2004 averaged $1.7 kg , 1000 m À2 (see Figure 3 in [11] ). Note that using reserve values as indicators of virgin biomass most likely underestimates the degree of exploitation of coral trout, since abundances were reduced by several major disturbances [35] and poaching within reserves on the GBR [44] reduces densities within reserves compared to no-entry zones. We considered three alternative management scenarios in the model: (1) 33% reserves and 50% effort reduction (the real-word scenario), (2) 33% reserves and no effort reduction (rezoning without fishery restructuring), and (3) no reserves and 50% effort reduction (direct effort management only). We implemented 33% reserves by setting the fishing mortality rate (m f ) in the protected population to zero and rescaling m f in the harvested population to be inversely proportional to the area that remained open ð1=ð1 À 0:33ÞÞ. This captured fishery squeeze, in which fishers respond to the zoning by redistributing effort from the now protected areas into the areas that remain open to fishing [17] . To implement effort reduction, we halved the baseline fishing mortality rate, as per the effort data [10] . In the scenario where both reserves and reduced effort were implemented, we first reduced the effort and then reallocated the decreased effort into the remaining open area. Simulations were run for 150 years, and the catch, CPUE, and population biomass densities at the each time step were scaled relative to the pre-2004 (initial) equilibrium values. 
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